Abstract: High performance fiber-reinforced cement composites (HPFRCCs) have been designed to exhibit high tensile strength and ductility compared to traditional concrete. HPFRCCs have also shown improved damage tolerance in compression. When reinforced with steel, HPFRCC components have been proposed for enhanced seismic resistance in structural applications.
concrete and other fiber reinforced cement composites is its ability to form multiple, steady-state cracks under uniaxial tension. On a mesoscale, multiple cracking allows an HPFRCC component to gain strength beyond the formation of the first crack, a phenomenon referred to as pseudo-strain hardening [described in, e.g., 1]. Depending on the specimen size, shape, mix design, and applied strain rate, HPFRCC specimens have achieved specimen strains between 0.25% and 5% under uniaxial tension before tension-softening [2] [3] [4] [5] .
Research motivation
Quasi-static cyclic tests on structural components have been used to gain a better understanding of structural response to seismic loads. As HPFRCC with embedded steel reinforcement has been proposed and implemented in structural applications [e.g., 7-8 and several others since], laboratory experimentation under cyclic loads can be a valuable tool to understand the material's limits and capabilities, and to ultimately make recommendations for design codes.
Cost and time typically limit laboratory testing to a small number of specimens. With a limited test regimen, the choice of deformation history to impose on each specimen is important. The seismic demand on a structure depends on many variables including for example, ground motion characteristics, soil properties, inertial mass, and structural period. Therefore, selecting a single deformation history will "always be a compromise, but one that should be conservative for most practical cases," [8] .
Many researchers have used a deformation history that begins with small, elastic cycles. Cyclic amplitude is increased every one to three cycles. These cycles are imposed on the component in a deformation-controlled fashion until a predetermined failure criterion is reached.
An understanding of reinforced HPFRCC component behavior under a deformation history wherein the cyclic amplitude of each step does not always monotonically increase is of interest for several reasons. First, cracking of a reinforced HPFRCC infill panel subjected to a recorded ground motion was significantly different than cracking of a similar component subjected to a monotonically increasing cyclic deformation history [9] . In a separate study, the authors noticed differences in cracking and strain accumulation in the steel reinforcement when comparing reinforced HPFRCC specimen behavior under various deformation histories [10] .
Second, structural components made from traditional reinforced concrete have been found to behave differently under different deformation histories [11] [12] [13] . Strength and stiffness deterioration as well as ultimate ductility varied depending on the deformation history applied.
Third, initial deformation pulses from ground motions are possible, and simulations using recorded ground motions suggest they can generate story drifts of at least 7% in a structure [14] . The effect of initial deformation pulses on a reinforced HPFRCC component may be different than on a reinforced concrete component because of the nature of the HPFRCC matrix itself. Initial pulses imposed on an HPFRCC component could form a dominant crack with fiber pullout or rupture early in the deformation history, and thus fundamentally change the composite material's behavior thereafter. Typical material characteristics of reinforced HPFRCCs such as strong bond to steel reinforcement [15] and strain hardening of the reinforcement at low levels of specimen strain [16] could lead to different behavior when subjected to a deformation history with initial pulses than reinforced concrete would exhibit.
To address some of these gaps in understanding, direct comparisons of reinforced concrete specimens have been made to reinforced HPFRCC specimens in the past. Increases in energy dissipated, strength, and ductility as well as a reduction in transverse steel required were noted in reinforced HPFRCC beams relative to reinforced concrete beams [17] [18] . In another study, the authors noted a difference in failure mode between reinforced HPFRCC and reinforced concrete columns, and a higher strain accumulation rate in bars embedded in the HPFRCC [19] . To date, however, there has been no study examining the differences between reinforced concrete and reinforced HPFRCC beams treating deformation history as an experimental variable.
MATERIALS AND METHODS

Mixture designs and casting
Two reinforced concrete specimens were cast and tested in this study. The concrete was provided by a local ready-mix plant per the mixture design shown in Table 1 and delivered to the site. The concrete for the two reinforced concrete specimens came from the same batch. All four specimens were moist cured for seven days and then allowed to cure at room temperature until being tested. The reinforced ECC specimens were tested on day 28 ± 2 days. To reduce the difference in estimated compressive strength between concrete and ECC, the reinforced concrete specimens were allowed to cure longer, and were tested on day 56 ± 2 days. All four specimens were reinforced with deformed mild steel bars with a 13 mm diameter. Smooth, 3.2 mm diameter steel wire was used for transverse reinforcement.
Specimen geometry and instrumentation
The dimensions of all four specimens were nominally identical. Specimen dimensions and the test set up are shown in Figure 1 The enlarged base had a cross section of 229 mm by 381 mm. A total of six, 13 mm horizontal bars reinforced the enlarged base.
Transverse reinforcement was designed as seismic detailing per ACI 318-14 [20] . Stirrups were spaced at 37.5 mm throughout the enlarged base and 342 mm into the beam. The remainder of the beam stirrups were spaced at 75 mm.
Two of the four longitudinal reinforcing bars in each specimen were instrumented with three strain gages. One gage was located within the joint 5 cm below the joint face, and two were within the beam, one 5 cm above the joint face, and one 15 cm above the joint face. Three string potentiometers placed at third points along the length of the beam recorded displacement.
Though not reported herein, deflected shape and specimen strain were monitored through a series of 6 mm dots painted on the surface of the specimens for use in digital image postprocessing. Resistive force was recorded by a 50 kN load cell attached to the hydraulic actuator that displaced the specimen.
Testing and deformation histories
The enlarged base of each specimen was bolted to a wide flange section, which was fixed to the strong floor ( Figure 1 ). Bending out of plane was restrained by bracing (not shown). One end of the hydraulic actuator was attached to a test frame and the other to the specimen by bolts and steel plates. The actuator moved 4.23 х 10 -2 mm/s, and cyclic reversals were controlled by the string potentiometer at the same level as the actuator. Axial load was not applied to any specimen.
The naming convention of each specimen indicates the material (either RC for reinforced concrete or ECC for reinforced ECC), the reinforcement ratio (0.95%), and a descriptor indicating the applied cyclic deformation history. Two deformation histories were used in this study ( Figure 2) ; one each applied to a specimen of each material.
The first deformation history, proposed by the Federal Emergency Management Agency (FEMA), is similar to many commonly used in previous research. The FEMA 461 deformation history consists of increasing amplitude steps with two cycles per step [21] . The first step was 0.15% drift where drift was measured as beam tip displacement divided by the 813 mm beam length. Each subsequent step was 40% larger than the previous (Figure 2a) . The first few steps were not expected to yield the steel reinforcement.
The other deformation history began with two initial pulses to 7% drift followed by the FEMA 461 deformation history (Figure 2b ). Initial pulses of 7% drift were selected with the intention to cause total softening in the ECC material. The naming convention used in this study refers to the FEMA 461 deformation history as "CF," for "Cyclic FEMA." The deformation history with 7% initial pulses is referred to as "C7PF" for "Cyclic with 7% Pulses, then FEMA." Testing continued until one of two failure criteria were met: either one of the steel reinforcing bars fractured or the strength at the peak of an inelastic excursion was less than 75% of yield strength (about 60% to 75% of ultimate strength).
RESULTS
Material properties
Concrete from the same batch as the test specimens was used to cast 100 mm х 200 mm b) C7PF a) CF cylinders and 80 mm х 80 mm х 305 mm beams. Compression strength of the concrete was 42 ± 3.3 MPa based on tests of four cylinders tested at 56 ± 2 days, the same age as the test specimens. The modulus of rupture of the concrete was 5.5 ± 0.52 MPa based on four beams tested in third point bending tested at 56 ± 2 days.
ECC was also tested in compression and third point bending. In compression, ECC achieved a strength of 47 ± 3.7 MPa based on tests of four cylinders. The modulus of rupture of the ECC was 10 ± 1.4 MPa based on third point bending tests of four beams tested at 28 ± 2 days, the same age as the test specimens.
Yield stress (fy), ultimate stress (fu), and strain at ultimate stress (εu) for the steel used as transverse and longitudinal reinforcement are shown in Table 3 based on the average of two samples each. 
Cracking
The cracking pattern in RC-0.95-CF began as horizontal flexural cracks until about 3.1% drift, when cracks inclined at approximately 45 degrees and formed an X-shaped pattern of cracking through the specimen's core. The same X-shaped pattern of cracking occurred in RC-0.95-C7PF, but formed during the two initial pulses. Table 4 presents various cracking observations from the two reinforced concrete specimens. There were many similarities across the two specimens. Almost all cracks that formed became full-depth cracks, meaning they could be traced from one side of the beam to the other. The cracks within the reinforced concrete specimens were all easily visible by the naked eye. A drift of 6.1% (within the FEMA 461 portion for those specimens subjected to the C7PF deformation history) was chosen as a point of comparison between specimens. The difference between the widest and narrowest crack in the reinforced concrete specimens was roughly one order of magnitude at 6.1% drift. Consistent with previous tests of reinforced ECC flexural members [17, 22] , cracking in both reinforced ECC specimens consisted of horizontal flexural cracks with no diagonal cracks. Table 5 presents various cracking observations from the two reinforced ECC specimens. There were many similarities between cracking in the two reinforced ECC specimens such as drift at dominant flexural crack formation, number of flexural cracks, number of full-depth flexural cracks, and residual splitting crack length.
Cracking was different between the reinforced concrete and reinforced ECC specimens (Table 4 and Table 5 ). In general, a dominant flexural crack formed at about twice the drift in reinforced ECC (2.2% drift) than reinforced concrete specimens (0.81% or 1.1% drift). Dominant flexural crack formation indicated the start of matrix softening when fibers began to pull out of the matrix, and occurred near the base of the beam. At drifts beyond dominant flexural crack formation in the reinforced ECC specimens, specimen strain concentrated at the location of the crack.
There were about twice as many flexural cracks in reinforced ECC than reinforced concrete specimens, but only about 25% to 27% extended through the full depth of the reinforced ECC whereas 87% to 100% extended through the full depth of the reinforced concrete. Flexural crack widths in the ECC remained less than or equal to 0.1 mm throughout testing except for the dominant crack. Increases in cyclic amplitude at each step were accommodated by increases in the width of the dominant crack in the reinforced ECC specimens. The dominant crack width in the reinforced ECC specimens measured at 6.1% drift was about 2.5 times as large as the largest crack width in the reinforced concrete specimens. Average residual splitting crack lengths in reinforced ECC specimens (12 mm) were about half as long as those in reinforced concrete specimens (25 mm). 
Reinforcement strain
Strain in the steel reinforcement localized and accumulated differently between specimens of different material and different deformation history. Figure 3 shows plots of reinforcement strain versus specimen drift for each specimen through the completion of the 4.3% drift cycles. The strain plotted is that measured by the strain gage located 5 cm into the joint on the side of the specimen that went into tension first. The beginning of the first 0.15% drift cycle (after the conclusion of the two initial pulses for those specimens subjected to the C7PF deformation history) and the end of the second 4.3% drift cycle are indicated. The strain gage in ECC-0.95-C7PF failed during the first excursion; Figure 3d shows all data that was recorded.
Steel reinforcement strain was compared between materials when specimens were subjected to the CF deformation history. When comparing Figure 3a to Figure 3c , reinforced concrete specimens had lower values of reinforcement strain at a given drift than reinforced ECC specimens. Less reinforcement strain in the reinforced concrete can be attributed to the wider flexural cracks and longer splitting cracks that developed in the concrete than the ECC. These strain results are in agreement with previous researchers' observation of reinforcement strain wherein the cracking behavior of concrete led to longer unbonded lengths in reinforced concrete specimens than reinforced ECC specimens under uniaxial tension [16] . The authors noted that the longer unbonded lengths facilitated specimen strain to be distributed over longer lengths of the steel reinforcement, and thus, the reinforcement strain at the critical section was lower in reinforced concrete than in reinforced ECC specimens [16] .
Reinforcement strain at the end of the 4.3% drift step between the two reinforced concrete specimens were within 7% of eachother. No additional strain accumulated between the start of the 0.15% drift step and the end of the 4.3% drift step in RC-0.95-C7PF, however ( Figure  3b ). The lack of strain accumulation in the reinforcement when exposed to initial pulses is attributed to splitting cracks, slip, and bond deterioration that is expected to have occurred during the initial pulses. Figure 4 shows the hysteretic response of the four specimens. Additionally, the point in the deformation history when splitting, crushing, and spalling was first observed on both sides of each specimen, as applicable, is shown. For the hysteretic envelope of reinforced concrete specimens, the strength gradually rose at a rate of 0.68 to 2.1 MPa per percent drift between the drift at specimen yield and the drift at peak strength. Post-peak strength of both reinforced concrete specimens reduced through failure due to matrix degradation. The hysteretic envelope of reinforced ECC specimens, however, was characterized by a gradual reduction in strength at a rate of 0.20 to 0.60 MPa per percent drift between the drift at specimen yield and the drift at specimen failure. Both reinforced ECC specimens failed due to bar fracture.
Hysteresis behavior
The difference in peak specimen strength (28 to 30 MPa for reinforced concrete specimens and 30 to 32 MPa for reinforced ECC specimens) was a result of the differences in tension and compression properties between the concrete and ECC. The point along the deformation history when peak strength was achieved, however, was also different between reinforced concrete and reinforced ECC specimens. RC-0.95-CF achieved peak strength during the 8.5% drift cycles, whereas RC-0.95-C7PF achieved peak strength at 4% drift during the first excursion as the matrix material on the compression side of the specimen was undamaged. Peak strength in the hysteretic envelope of both reinforced ECC specimens was achieved near 2% drift. The high strains that developed in the steel reinforcement led to strain hardening of the steel. This strain hardening coupled with the high damage tolerance of ECC, as indicated by the lack of significant crushing and spalling observed, facilitated the peak strength achieved by the reinforced ECC specimens at relatively low levels of drift.
Previous research noted reductions in strength and stiffness during excursions that followed, but were of lower amplitude than previous ones [11] . As expected, this phenomenon was observed during testing of both the reinforced concrete and reinforced ECC specimens subjected to the C7PF deformation history.
The hysteresis plots of reinforced concrete specimens show more pinching and lower reloading stiffness than those of reinforced ECC. The presence of the initial pulses generated more pinching in both reinforced concrete and reinforced ECC specimens when compared to respective specimens subjected to the CF deformation history due to the increased lateral translation caused by matrix damage and bar elongation generated during the initial pulses When comparing the overall matrix behavior of the reinforced concrete (Figures 4a-b) to the reinforced ECC (Figure 4c-d) specimens, reinforced concrete specimens more often underwent crushing and spalling. This observation is consistent with previous research highlighting the high damage tolerance of ECC [e.g., 23].
Splitting cracks formed in each specimen, regardless of material and deformation history, at roughly the same drift, on average. There was more variability in drift at which splitting cracks formed in the reinforced ECC specimens than reinforced concrete specimens, however.
In reinforced concrete specimens, the progression of crushing to spalling to failure was evident. In reinforced ECC specimens, however, little about the cracking or hysteretic behavior indicated imminent failure because failure was due to fracture of the steel reinforcement. Crushing and spalling occurred in ECC-0.95-C7PF, but was limited when compared to the reinforced concrete specimens. . 
Impact of deformation history on specimen ductility
Ductility is perhaps the most critical characteristic of a structure to withstand a large earthquake and prevent collapse. The ductility of reinforced ECC was less sensitive to 7% initial pulses than the ductility of reinforced concrete. Specimens subjected to the CF deformation history made from both concrete and ECC achieved an ultimate ductility of 12% drift. When subjected to the C7PF deformation history, the reinforced ECC specimen also achieved 12% drift, whereas the reinforced concrete specimen reached an ultimate ductility of 7% drift (a 42% reduction). The number of complete excursions each specimen sustained was between 54 and 56 except RC-0.95-C7PF, which failed after completing 48 excursions.
Despite sustaining damage through cracking and some crushing and spalling, the core of ECC-0.95-C7PF remained intact due to the relatively high shear strength and damage tolerance of the ECC matrix. The ECC matrix was able to provide sufficient confinement to the steel reinforcement and facilitate failure by bar fracture, the same failure mode as the other reinforced ECC specimen. The extra plastic deformation due to the two 7% initial pulses was insignificant in contributing to strain accumulation in the reinforcement at the critical section, and did not lead to earlier fracture. In contrast, since both reinforced concrete specimens failed due to concrete crushing, the crushing that occurred early in the deformation history of RC-0.95-C7PF significantly contributed to the cumulative damage that dictated the specimen's ultimate ductility.
Because ultimate ductility of reinforced ECC was less sensitive to deformation history than reinforced concrete specimens, reinforced ECC design for collapse prevention may be more consistent between situations where initial pulses are not expected and situations where initial deformation pulses may be more likely, such as near-fault locations.
Impact of deformation history on energy dissipation
Damage from cracking and plastic deformation of the steel reinforcement contributed to the energy dissipated by each specimen. From the beginning of the test through specimen failure, the energy dissipated by ECC-0.95-C7PF was 93% of the total energy dissipated by ECC-0.95-CF. In contrast, the difference in normalized energy dissipated per cycle between RC-0.95-CF and RC-0.95-C7PF tended to increase as drift increased beyond 1.1%. Accordingly, hysteresis loops of both reinforced concrete specimens were pinched as drift increased (Figures 4a and 4b) . RC-0.95-C7PF dissipated 50% of the total energy dissipated by RC-0.95-CF from the beginning of the test through each specimen's respective failure.
Energy dissipated per hysteretic cycle can be determined by calculating the area within each hysteretic loop in Figures 4a-d . Energy dissipated by the first cycle at each step was computed and normalized by the area of an equivalent elasto-plastic hysteresis loop per [24] for each specimen. Normalized energy dissipated per cycle by reinforced concrete and reinforced ECC specimens is shown in Figure  5a and 5b, respectively. Normalized energy dissipation per cycle is plotted through 4.3% drift, excluding initial pulses for specimens subjected to the C7PF deformation history.
In both specimens of both materials, normalized energy dissipated per cycle was relatively high at low drifts. As drift increased, normalized energy dissipated decreased until it reached a minimum, then increased again as drift increased.
When comparing reinforced concrete to reinforced ECC specimens subjected to the CF deformation history, Figures 5a and 5b indicate ECC-0.95-CF absorbed significantly more (normalized) energy per cycle, particularly through 1.6% drift, than RC-0.95-CF. The increase in normalized energy dissipated per cycle at relatively low drifts is attributed to the increased number of flexural cracks observed in ECC-0.95-CF (Table 5 ) when compared to RC-0.95-CF (Table 4 ). Although a similar number of cracks formed in both reinforced ECC specimens, most cracks in ECC-C7PF formed during the initial pulses and did not serve to dissipate energy during steps of 0.15% drift and beyond. RC-0.95-C7PF, however, continued to form cracks beyond the two initial pulses. Thus, when subjected to the C7PF deformation history, the reinforced ECC exhibited a greater reduction in the normalized energy dissipated per cycle at relatively low drifts than reinforced concrete when compared to the CF deformation history.
Up to about 1.6% drift, normalized energy dissipated per cycle for reinforced concrete was greater than that of reinforced ECC when subjected to the C7PF deformation history. Beyond 1.6% drift, normalized energy dissipated per cycle by ECC-0.95-C7PF was greater and increased at a higher rate than that of RC-0.95-C7PF. The higher rate of energy dissipation per cycle is believed to be attributed to an increased plastic deformation of the steel reinforcement. Though complete strain gage data was not collected for ECC-0.95-C7PF, residual bond strength in reinforced ECC [15] was expected to engage the steel reinforcement beyond the two initial deformation pulses. In contrast, there was no recorded strain accumulation in RC-95-C7PF beyond the two initial pulses (Figure 3b) .
The difference in normalized energy dissipated per cycle between ECC-0.95-CF and ECC-0.95-C7PF reduced as drift increased beyond 1.6%. This follows from the wide hysteresis loops of ECC-0.95-C7PF as drift increased despite the pinching at low drifts following the two initial deformation pulses (Figure 4d) .
Results from this study show that energy dissipated by a reinforced ECC component per cycle may be significantly lower during small cycles following initial deformation pulses when compared to cycles of the same amplitude that are part of a monotonically increasing cyclic deformation history. Substantial capacity exists, however, to dissipate energy if large ductility demands are imposed, for example from an aftershock. In a reinforced concrete specimen, large cycles following initial deformation pulses were not nearly as effective in dissipating energy. The ability of a reinforced concrete component to dissipate energy during an aftershock is expected to be more strongly dependent on the deformation history of the main shock, particularly if it contained initial deformation pulses, than a reinforced ECC component.
CONCLUSIONS AND FUTURE WORK
Two reinforced concrete and two reinforced HPFRCC specimens were tested under two different deformation histories. Differences in cracking, reinforcement strain, hysteretic behavior, ductility, and energy dissipation were observed between cementitious materials and between deformation histories.
When compared to reinforced concrete, the ductility of reinforced ECC specimens was less sensitive to the deformation history applied. Ductility of the reinforced concrete specimen subjected to a deformation history that included two initial pulses to 7% drift followed by the a) b)
FEMA 461 deformation history was 42% lower than a nominally identical specimen subjected to the FEMA 461 deformation history without initial deformation pulses. Reinforced ECC specimens achieved the same ultimate ductility when subjected to the same two deformation histories. The high damage tolerance in compression demonstrated by the ECC relative to concrete facilitated the relative indifference between the two deformation histories.
An increased number of cracks and increased plastic deformation of the steel reinforcement in the reinforced ECC relative to the reinforced concrete led to differences in normalized energy dissipated per cycle. Total energy dissipation of reinforced ECC through specimen failure was less sensitive to deformation history than reinforced concrete. Reduction in normalized energy dissipated per cycle due to the deformation history containing two initial deformation pulses was greater in the reinforced ECC specimen at drifts through 1.6%, but greater in the reinforced concrete specimen at drifts beyond 1.6%.
Future work involving reinforced ECC beams with an expanded range of deformation histories, reinforcement ratios, and bar layouts is underway by the authors. The results of this and future related studies inform potential component-level response of reinforced cementitious materials when subjected to a ground motion that induces initial pulse. Data presented herein could be used to develop or calibrate damage indices or plastic hinge models for structural-level analyses involving reinforced ECC structural components.
